A reverse transcription polymerase chain reaction was developed to investigate the occurrence of Ôpeach latent mosaic viroidÕ (PLMVd), Ôpear blister canker viroidÕ (PBCVd), Ôhop stunt viroidÕ (HSVd) and Ôapple scar skin viroidÕ (ASSVd) on fruit trees (peach, pear, almond and apple) in Tunisia. The test was initially performed with total RNA preparations from selected isolates and then applied to total RNA preparations from leaf or bark tissues of fruit trees collected in the north of Tunisia and the Sahel. PLMVd was found to occur in peach and pear trees, HSVd in pear, peach and almond trees, and PBCVd in pear trees. Mixed PBCVd-HSVd and PLMVd-HSVd infections occurred naturally in pear trees. ASSVd was not detected in any samples from apple trees. The identity of the detected viroids was confirmed by comparing their sequences with those of other previously characterized isolates. The test was then simplified by direct use of diluted crude plant extracts. The results obtained from crude sap extracts of leaves or bark tissues and from total RNA preparations were identical. This improved test is thus quick and useful for large-scale routine analysis. It can be used in a certification programme to contribute to prevention of the occurrence and spread of PLMVd, HSVd, PBCVd and ASSVd in Tunisia.
Introduction
Tunisia is a major producer of fruits such as apples, pears, almonds and peaches. Pome and stone fruit trees can be infected by viroids, characterized by single-stranded circular RNA molecules ranging between 246 and 399 nucleotides (Diener, 1971; Flores et al., 1998) . ÔPeach latent mosaic viroidÕ (PLMVd), Ôpear blister canker viroidÕ (PBCVd), Ôapple scar skin viroidÕ (ASSVd) and Ôhop stunt viroidÕ (HSVd), which infect temperate fruit trees, have a major impact on fruit production (Randles, 2003) . These viroids occur in various countries of Europe, America and Asia (Flores et al., 1990; Yang et al., 1992; Hadidi et al., 1997; Osaki et al., 1999; Kyriakopoulou et al., 2001) .
Peach trees are hosts of HSVd (Sano et al., 1989; Shikata, 1990) , and mainly, PLMVd Loreti et al., 1998; Osaki et al., 1999) . Pear trees can be infected by all four viroids (Kyriakopoulou et al., 2001 ), but PBCVd is most frequently found. Almond trees can be infected only by HSVd (Can˜iz-ares et al., 1999) and apple tree by ASSVd (Hurtt et al., 1992; Yang et al., 1992; Kyriakopoulou et al., 2001 ). The symptoms caused by these viroids are not specific. PLMVd can induce early ageing of peach trees with irregularly shaped, flattened and colourless fruit (Desvignes, 1986; Flores et al., 1990; Llacer, 1998) , and mosaic on leaves similar to those caused by viruses (Shamloul et al., 1995; Hadidi et al., 1997) . Bark cankers caused by PBCVd on pear trees are similar to those caused by the fungus Venturia inaequalis (Desvignes et al., 1999) . ASSVd causes a severe disease of apple, recognized by scarring around the calyx end of the fruit and cracking of the tissue (Koganezawa et al., 2003) . Such symptoms are similar to those of frost damage or herbicides (J. Lemoine, INRA Angers, personnel communication) . Furthermore, PLMVd and HSVd infection can be latent.
Detection methods for these viroids are needed as quick, sensitive, specific diagnostic procedures are a prerequisite for successful management of fruit-tree certification programmes. It is thus necessary to develop routine tests, compatible with analysis of many samples, for reliable and quick detection of these viroids.
Biological indexing by grafting on woody indicators is cumbersome and time consuming. Such assays are inappropriate for screening a large number of samples, mostly because of greenhouse facilities and plant care requirements. As viroids do not code for any peptide or protein, detection based on serological techniques is not possible. Specific double-gel electrophoretic techniques (Schumacher et al., 1983; Flores et al., 1985) and nucleic acid hybridization (Owens and Diener, 1981) with radioactive or non-radioactive probes (Astruc et al., 1996) have been used for reliable detection of PLMVd, HSVd, ASSVd, and PBCVd in fruit trees, but such tests are not highly sensitive, so that low concentrations of viroids in woody material may remain undetected (Hadidi and Yang, 1990) . Reverse transcription polymerase chain reaction (RT-PCR) tests have been developed for more sensitive detection. Single assays for detecting ASSVd (Hadidi and Yang, 1990) , PLMVd (Loreti et al., 1999) , PBCVd (Shamloul et al., 2002) and HSVd (Kofalvi et al., 1997) and multiplex assays of these four viroids (Ragozzino et al., 2004) have been performed. These, however, as they rely on labour-intensive preparation of nucleic acid extracts from the plant tissues to be tested, they need to be improved for routine detection of viroids in fruit trees.
Our objectives were to test for ASSVd, PBCVd, PLMVd and HSVd in trees growing in Tunisian orchards and to develop quick, simple individual RT-PCR tests using crude sap extracts.
Materials and Methods

Source of orchard fruit trees
Twenty-nine orchards were inspected: 19 in northern Tunisia (seven apple orchards, six pear orchards, four peach orchards, one almond-, peach-, and pear-tree orchard, and one almond-tree orchard) and 10 in the Sahel (three apple, pear, peach and almond orchards, two apple, pear and almond orchards, one apple, pear and peach orchard, one apple and pear orchard, one pear and peach orchard, one peach orchard, and one pear orchard). Orchard trees for testing (apple, pear, peach and almond) were mainly chosen on the basis of symptoms on leaves and bark potentially caused by ASSVd, PBCVd, PLMVd and HSVd. Three 1-year-old branches per tree were collected in May 2003, and stored at 4°C. Bark and leaf tissues of these branches were analysed within 8 days. To minimize the effects of possible uneven viroid distribution, the samples were taken from different parts of the three branches collected from each tree. RNA and crude sap were extracted from these bark and leaf samples.
Source of positive controls
Twigs of ASSVd-infected indicator apple seedlings and PLMVd-infected GF 305 peach seedlings were provided by B. Pradier (Station de Quarantaine des Ligneux, Lempdes, France). These were viroid-positive as shown by chip budding of infected material on apple-seedlings (for ASSVd) or peach-seedlings (for PLMVd) indicator plants grown under greenhouse conditions.
Leaves of a PLMVd-infected peach tree were provided by Dr Kyriakopoulou (Agricultural University of Athens, Votanikos, Athens, Greece). Total nucleic acid preparations from one ASSVd-infected apple tree, two PLMVd-infected peach trees, and one HSVd-infected cucumber plant were also provided by Dr R. Flores (Instituto de Biologia Molecular y cellular de Plantas, Valencia, Spain). In the absence of a characterized PBCVd isolate, the positive control for diagnosis of this viroid was a total RNA preparation of one sequenced amplification product obtained with PBCVd primers from preliminary tests on pear trees from Tunisia.
RNA extraction from plant tissue
RNA extracts were prepared as described by Grasseau et al. (1998) , with some modifications. Leaf and bark tissues (0.2 g) were powdered in liquid nitrogen and homogenized with 1 ml of 2x Sodium chloride-sodium citrate (SSC) buffer (3 m NaCl, 0.3 m sodium citrate, pH 7) containing 1% sodium sulphite. After centrifugation at 16 000 · g for 30 min, the pellet was discarded and the supernatant mixed with 500 ll of 10% non-ionic CF-11 cellulose (Whatman, Maidstone, UK). After shaking for 2 h, the cellulose was collected by centrifugation and washed twice with 1 ml of sodium chloride-TrisHcl EDTA (STE) buffer (10 mm Tris-HCl pH 8, 100 mm NaCl, 1 mm EDTA pH 8) containing 35% ethanol. RNA was released from the cellulose by washing twice with 300 ll of STE buffer and precipitated with 700 ll of isopropanol and 64 ll of sodium acetate (5 m, pH 5.2). Finally, the pellet was dried in a Speed-Vac (Savant, Farmingdale, NY, USA) and suspended in 30 ll of diethylpyrocarbonate (DEPC)-treated water.
Concentration and extraction purities were estimated by measuring the absorbance of preparations at 260 and 280 nm with a spectrophotometer (Ultrospec II; LKB Biochrom, Cambridge, UK).
Preparation of crude sap extract
Crude sap extracts were prepared from the same plant material as used to prepare the RNA extracts. Leaves and bark tissue (0.2 g) were ground in a mortar with liquid nitrogen. Frozen pulverized tissue was transferred to 1.5 ml of Eppendorf tube and mixed with 1 ml of extraction buffer. Different extraction buffers were tested: (i) 136 mm NaCl, 1 mm KH 2 PO 4 , 6 mm Na 2 HPO 4 , 2 mm KCl, 15 mm NaN 3 , 1% PVP, 0.05% Tween (ELISA buffer); (ii) 136 mm NaCl, 16 mm Na 2 HPO 4 AE2H 2 O, 1 mm K 2 HPO 4 , 2 mm KCl, 3 mm NaN 3 , 80 mm NaSO 3 , 0.05% Tween 20, pH 7.2-7.4 (B. Lockhart, University of Minnesota, personal communication); (iii) 200 mm Tris-HCl, pH 8.5 containing 1.5% sodium dodecylsulphate, 300 mm lithium chloride, 10 mm EDTA, 1% sodium deoxycholate, 1% NP-40 (Spiegel et al., 1996) ; (iv) 2X SSC buffer (3 m NaCl, 0.3 m sodium citrate, pH 7) supplemented with 1% Triton; (v) 2X SSC buffer supplemented with 1% Tween; (vi) 2X SSC containing 1% sodium sulphite as an antioxidant. After centrifugation at 16 000 · g for 30 min the supernatant was collected. Different dilutions (10x, 50x, 100x, 500x, 1000x) were prepared and stored at )20°C.
Primer design
We used primer pairs (Table 1) previously reported for RT-PCR amplification of ASSVd (Di Serio et al., 2002) , PLMVd (Loreti et al., 1999) and HSVd (Astruc et al., 1996) . For PBCVd, DNA amplification was carried out with the forward primer 5¢-GTCTAGAAGCCTGGG-CGCTGG-3¢ homologous to nucleotides 98-118 and the reverse primer 5¢-CCTTCGTCGACGACGAGCC-GAG-3¢ complementary to nucleotides 76-97 of PBCVd reference isolate P2098T (Table 1) . These primers were selected after analysis of the sequences of different PBCVd isolates by multiple alignment performed with clustal w software ( Thompson et al., 1994) . The primers were synthesized and purified (Eurogentec, Seraing, Belgium).
RT-PCR assay
RT-PCR was carried out on RNA preparations and crude sap extracts with the help of the One Tube RT-PCR Titan Kit (Roche Diagnostics, Penzberg, Germany). This allows RT and amplification to be performed sequentially in the same tube. Either 2-ll aliquot containing 200 ng nucleic acid extract or 2 ll of diluted crude sap extract was mixed with 0.4 lmol complementary primer. This mixture was heated for 5 min at 100°C and immediately chilled on ice. RT-PCR reaction mixtures (total volume 25 ll) contained 5 ll of 5x RT-PCR buffer, 1.25 ll of 100 mm dithiothreitol (DTT), 0.5 ll of 10 lm dATP, dCTP, dGTP and dTTP each, 0.4 lmol of homologous primer, 0.5 ll of enzyme mix (AMV reverse transcriptase and high-fidelity Taq polymerase), and DEPC-treated water to a volume of 22.5 ll. After addition of the denatured extract/complementary primer mixture, the RT-PCR reaction mixture was subjected to 30 amplification cycles [cycling parameters: 1 h at 50°C for cDNA synthesis, denaturing at 95°C for 3 min (first cycle) or 30 s (following cycles), primer annealing at 60°C for 45 s, and extension at 72°C for 45 s], followed by a final extension at 72°C for 7 min.
Each RT-PCR run included a water control. RNA preparations from a PLMVd-free peach tree, a PBCVd-and HSVd-free pear tree and an ASSVd-free apple tree were included as healthy controls.
Analysis of amplified RT-PCR products
Aliquots (10 ll) of each amplification product was electrophoresed in ethidium bromide-stained agarose gel (2%) in 1x TAE buffer (40 mm Tris-acetate, 1 mm EDTA, pH 8.0).
Cloning and sequencing of viroid cDNA
RT-PCR products obtained from PLMVd-, PBCVdand HSVd-infected orchard fruit trees were directly cloned into the pCRÒ 2.1 cloning vector with the help of the TA cloning Kit (Invitrogen, Groningen, The Netherlands), according to the manufacturer's instructions. The nucleotide sequences of cloned amplification products obtained from PLMVd, PBCVd and HSVd isolates were determined (GATC Biotech AG, Konstanz, Germany). Two clones per positive fruit tree were sequenced. Sequence analysis was performed with dnaman software (BioSoft, Lynnon, Canada).
Results and Discussion
Development of a RT-PCR test for detecting PLMVd, PBCVd, ASSVd and HSVd in fruit trees from RNA preparations Development of the test from positive controls Specific amplification products of the expected size (c. 330 bp for ASSVd, 315 bp for PBCVd, 337 bp for PLMVd and 300 bp for HSVd) were obtained for all the positive controls. For each viroid, specificity of amplification was demonstrated by the lack of an amplification product when the primers were tested with extracts of trees infected by each of the three other viroids (data not shown). No band was obtained in negative controls (water and preparations from healthy trees). Application of the test on Tunisian fruit trees The test was then applied to RNA preparations from several PLMVd, peach latent mosaic viroid; PBCVd, pear blister canker viroid; ASSVd, apple scar skin viroid; HSVd, hop stunt viroid.
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Tunisian orchard fruit trees (results are summarized in Table 2 ).
PLMVd was detected in 12 of the 37 peach trees tested, results indicating that PLMVd is quite common in peach tree. Ten PLMVd-positive peach trees were in three orchards in the north and two in two different orchards in the Sahel. Twenty-five were negative for PLMVd. Two pear trees were positive for PLMVd. They occurred near each other and to one peach tree infected with PLMVd. This suggests that one of these trees may have served as a source of inoculum for the others through agronomic practices like pruning (Hadidi et al., 1997) or via the aphid Myzus percicae . Alternatively, PLMVd may have originated in an unknown host and have been subsequently transmitted to the pear and stone fruit trees.
Of the 73 pear trees tested, PBCVd was detected in two orchards in the Sahel. This indicates that PBCVd is not widespread in Tunisia and suggests that the two pear trees may have originated from the same presumably infected mother tree.
HSVd was found in five proximal pear trees in one orchard in the Sahel and two other adjacent pears trees in another orchard, also in the Sahel. Among the 12 almond trees tested, two were positive for HSVd; one tree was in the north and the other was proximal to the only HSVd-infected peach tree found in an orchard in the Sahel. It is most likely that HSVd was transmitted between peach and almond trees and between pear trees mechanically or through grafting or that the source of infection was the mother tree. None of the 62 tested pome trees was positive for ASSVd.
Mixed infections were observed only in pear trees in the Sahel: one tree was infected with a complex of PBCVd and HSVd and another with PLMVd and HSVd. These trees were found in the same orchard containing PBCVd-infected pear trees, HSVd-infected pear trees, and PLMVd-infected peach trees. It is very likely that contaminated knives were responsible for these mixed infections. To our knowledge, this is the first report of mixed infections in cultivated pear trees.
The symptoms affecting the leaves bark, and fruits of the fruit trees tested were not consistently associated with the presence of viroids (results not shown). Furthermore, the trees from which the samples were taken were growing under uncontrolled conditions, so they might have been subject to other types of biotic or abiotic stress.
PLMVd, PBCVd and HSVd, amplification products obtained from different fruit trees were cloned for sequencing. Two PBCVd isolates from pear trees shared high sequence identity (99%) with variants of the isolates P1914T (GenBank accession nos Y18035 and Y18036), P47A (GenBank accession nos Y18037-Y18044) and P2098T (GenBank accession no. D12823). For PLMVd, three isolates from peach trees and one isolate from a pear tree were sequenced. The four isolates shared 85-98% homology with the Italian PC-C32 isolate of PLMVd from peach (GenBank The preparation of RNA extracts is not suitable for routine use in diagnostic laboratories. RT-PCR was thus simplified by using directly diluted crude plant extracts. The assay was conducted on crude sap extracts of leaves or bark tissue from one ASSVdinfected apple tree (from France), two PBCVd-infected pear trees, eight PLMVd-infected peach trees, one HSVd-infected almond tree, two HSVd-infected peach trees, and one HSVd-infected pear tree from Tunisia.
Six different extraction buffers were tested. For each viroid, the signal intensity was highest when SSC buffer containing 1% sodium sulphite was used as extraction buffer. For all four viroids, the signal intensity was higher for sap diluted 50x and 100x than for the other dilutions used (10x, 500x and 1000x). Whatever the viroid, no signal was observed at a 10-fold dilution. Figures 2 and 3 illustrate, respectively, the results obtained for PLMVd-infected peach with the different buffers tested and for PBCVd-infected pear with the selected buffer SSC plus sodium sulphite. At 50x or higher dilution the inhibitory effects of crude plant extracts on the amplification reaction, probably due to plant polysaccharides or phenolic compounds, were avoided. With the selected buffer, the test using crude plant extracts from leaves or bark tissue consistently yielded results comparable to those obtained with purified RNA preparations (Fig. 4) . This rapid and simple extraction method avoids the use of harmful organic solvents. As it is performed in a single closed tube, the risk of contamination between the reverse transcription and amplification steps is reduced. The test can be performed on 30 samples in 7 h. It is thus a viroid detection and identification method suitable for routine diagnosis of many samples.
We report for the first time the presence of PLMVd, PBCVd and HSVd in fruit trees in Tunisia. Our RT-PCR tests, which are directly applicable to crude plant extracts, offer quick, easy detection of viroids in fruit-tree leaves or bark. We thus propose the use of this test to screen fruit trees for viroids in certification programmes aiming to prevent the occurrence and spread of fruit-tree viroids in Tunisia. This test could be used to: (i) study the distribution of PLMVd (the viroid most common in Tunisian orchards); (ii) detect field reservoirs of this viroid; (3) confirm or rule out transmission of PLMVd by aphids (which to date has Fig. 2 Comparative analysis of reverse transcription polymerase chain reaction (RT-PCR) amplification products obtained from diluted crude sap extracts of peach latent mosaic viroid-infected peach prepared with six different extraction buffers. Lanes 1-5: ELISA buffer, dilutions 1/10, 1/50, 1/100, 1/500 and 1/1000 respectively; lanes 7-11: Lockhart buffer 1/10, 1/50, 1/100, 1/500 and 1/1000 respectively; lanes 13-17: Spiegel buffer 1/10, 1/50, 1/100, 1/500 and 1/1000 respectively; lanes 19-23: SSC buffer complemented with Triton; 1/ 10, 1/50, 1/100, 1/500 and 1/1000 respectively; lanes 25-29: SSC buffer complemented with Tween, 1/10, 1/50, 1/100, 1/500 and 1/1000 respectively; lanes 31-35: SSC buffer complemented with sodium sulphite, 1/10, 1/50, 1/100, 1/500 and 1/1000 respectively; lane 6, 12, 18, 24, 30 and 36: RT-PCR product amplified from crude sap extract of healthy peach prepared, respectively, with the ELISA, Lockhart, Spiegel, SSC complemented with Triton, Tween or sodium sulphite buffers (dilutions 1/100). M: 100-bp DNA ladder plus (Gibco BRL) 
